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P

ADVANCE RESTRICTED REPORT

PERFCEMANCE CHARIS FOR A TUFBOJET SYSTEM .

By Benjamin Pinkel and Iyving M. Karp
SUMMARY

Convenient charts are presented for computing the thrust, fuel
consumption, and other performance values of a turbojet system.
These charts take into account the effects of ram pressure, com-
Pressor pressure xatio, ratio of combustion-chamber-outlet temper-
ature to dtmospheric temperature, compressor efficiency, turbine
efficiency, combustion efficiency, discharge-nozzle coefficient,
losses in total pressure in the inlet to the Jet-propulsion unit
and in the combustion chamber, and variation in spscific heats ~
with temperature. The principal performance charts show clearly the
effects of the primary variables and correction charts provide the
effects of the egecondary variables. (

The performance of illustrative cases of turbojet systems is
given. It is shown that maximwm thrust per unit mass rabte of air
flow occurs at a lower compressor pressure ratio than minimum
8pecific fuel consumption. The thrust per unlt mass rate of air
flow increases as the combustion-chamber discharge temperature
increases. For minimum specific fuel consumption, however, an
optimum combustion-chamber discharge temperature exists; which in
some. cases may be less than the limiting temperature imposed by the
strength temperature characteristics,of present materials.

INTRODUCTION

The joet-propulsion system consisting of & compressor, a com- .
bustion chamber, a turbine, and a discharge nozzle, which is generally
known as the turbojet, is now under extensive development for .the
propulsion of high-speed airplanes.
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An analysis was made of the performance of such a system at the
NACA Cleveland laborasory during 1944 for the purvoee of providing
convenient charts from which the performance of this system can be
quickly and accurately obtained for any given set of orerating con-
ditions and system paraweters. An attempt was made to predict accu-
rate values of actual performence by the .introduction of factors
that account for the change in physical propertiss of the gas as it
pesses through the cycle and the effect of the change in mass by the
addition of fuel. The charts-take into account twrbine efficiency,
compressor efficisncy, combustion officiency, discharge-nozzle
coefficient, losses in total Tressure in the inlet duct and combus-
tion chamber, ambient atmospheric conditions, flight velocity, com-
pressor pressure ratio, and combustion-chamber-outlet total tempera-
ture. Thece variables are grouped in a few simple charts from which
their effects on perfoimahce can be readily obtained. The charts
and the analysis are presented herein.

The performance of the suwbject jet-propulsion system is given
for several interesting cases to illustrate some of the character-
igticy of the system.

ANALYSTS

A diagram of the turbojet is shown in figure 1. Air is inducted
into the intake of the unit and delivered to the compressor inlet.
Part of the dynamic pressure of the free ailr stream is converted into
stetic pressure at the compressor inlet by the diffusing action of
the inlet duct. The air is further compressed in passing through ths
compressor and is delivered to the combustion chamber where fuel is
injected and burned. The products of combustion then pass through
the turbine nozzles and buckets where an appreciable drop in pressure
occurg and finally are discharged rearwardly through the discharge
nozzle to provide thrust.

The varisbles affecting the performance are divided into a
primary group and a secondary group. The variables of the primery
group are shown on the principal charts for determining the perform-
ance of the Jet-propulsion unit. The variables of the secondary
group are shown on an auxiliary chart for determining a factor ¢
usually close to unity, which also appears as a variadle on the prin-
cipal performance charts.

The primary group of variables Includes:
(a) Compressor efficiency 7g

(b) Compressor total-pressure ratio pz/pl
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(c) Bnrner‘efficieﬁcy e

(4) Ratio of cumbustion-chamboreovtlet total tempereture to
free atmospheric temperature T4/TO

(e) Turbine efficiency g
(f) Airplane velocity ‘VO
(g) Atmospheric temperature T,

(h) Discharge-nozzle velocity coefficient Cy, which includes
“logses in the tail pipe following the turbins

The gecondary group incliuvdes:
-{a) Drop in total pressure scrcss the inlet ducting caused by
friction and turbulence Apg

(b) Drop in total pressure across the combustion chamber ocaused
by both the mechanical obstruction of phe burners and tus
momentun increase of the gases during c-ombustion Ap(2_4)

(c) Effect of the difference between the phys‘~al prepertieg of
hot exhaust gases during the expansion processes and c¢nid
air {The effect of change in specific heat of the gas
during the other processes is included in the principal
charts.)

A chart 1s given from which a factor € can be obtained ccrre -
sponding to the values of the secondary group of varlables. This
Tactor ¢ appears in the parameters on the principal performance
charts.

The compressor efficiency T in this revort is defined as the
isentropic work done in the compressor, including the difforence
between the kinetic energy of the air at the compressor outlet and
at the compressor inlet, divided by the compressor shaft work. The
turbine efficiency 1q ag defined in this report 'is the shaft work
divided by the differencs between the igentropic work availlable in
eXpanding the gas I'rom turbine inlct conditions to the static pres-
sure at turbine discharge and the kinetic energy of the gas at the
turbine discharge. It is emphasized that, in thege definiticng of
ccnpresgor and turbine efficiencies, the kinetic energy of the gac
leaving the compressor or turbine is not charged againgt the respuc-
tive unit as an energy loss.-
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The symbols used solely in the derivations of performance equa-
tions are listed in appendix A. The significance of the symbols
aprearing in the charts and in the subaequent iiscussion are asg
Tollows: ‘

A ratio of éompressor pressure ratio pz/pl to referecnce
pressure ratio (pz/pl)ref

a, b, ¢ factors that msasure effecté produced by secondary
variables :
CV velocity coefficlent of discharge nozzle
’cpé specific heat of a%r at constant pressure at T, = 519° R,
7.73 (Btu)/(slug) (°F)
F net Jet thrust,.(lb) /
f fuel-air ratio
h lower heating value of fuel, (Btu/1b)
dJ mechanical equivalent of heat, 778 (ft—lb/Btu)
M _ mass rats of air flow, (slug/sec) |
PC . ccupregsor -shaft horsepower input
P, atmcspherig free-air static pressure, (lb/sq il aﬁsolute)
Py total pregsure at compressor inlet, (lb/sq ft absolute)
Ps : total pressure at compressor outlet, (lb/sq ft absqlute)
Apg drop in total pressure ;cross inlet duct, (1b/sq ft)
Ap(2_4) over-all drop in total pressure across combustion

chauber due to mechanical obstruction of the burners
and momentum increase of gases during combustion,

(1b/sq f£t)
T, atmospheric temperature, (°R)
Ty v compressor-inlet total tempsrature, (OR)
Ty compressor-outlet total temperatufe, (°R)
Ty combustlon-chamber-outlet total temperafure, (°R)

Vs airplane velocity, (ft/sec)
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Vg gas velocity at turbine discharge, (ft/sec)

v, jet velocity, (ft/sec)

Av, increagse in let velocity due to effect of turbine-loss
J ,

reheat, (It/ssc)
W veight flow of fuel, (lb/hr)’

Y ratio of ram temperature rise tc free-air atmespheric

merat ;@ . T
tempcrature, VD /2 J Cpa T,

Z ratio of compressor power per unit mass rate of air
flow t enthalpy of air at temperature T

550 T o’
: 550 P /T ¢,q M T,
Ya ratio Jf specific Leats of alr
€ ccrrection factor that accounts for wver-all effects
orcduced by secondary variablea
N, comrressor efficiency
P efficiency of ccrbustion of fuel in combustion chanber
Moo turbine efficiency
(V3
o Ta
-2{y, -1
12(7,-1)

ol

i” Y T
P,/Pq) O I - € ~—|
( 3/ Lyef L(} + Y/ oM, T i
b ]
(PZ/PJ) _ alsc equal to the compressor pressure ratio for meximun
ref

ES

thrust per unit mass rate of air flow when the rate of change of €
with compressor rressure ratic is negligible.

All velocities are axial and all except V_ are relative to the
unit.

The equations from which the charts arc prepared are ligted in
appendix B and are derived in appendix C,

In some cages, when a large pregsure drop occurs across the
final jet-discharge nozzle, rehsat associated with the energy losaes
in the turbine has an appreciable offsct on the jet velocity. A
chart is given whersby the eifect of rehoat on the Jjet velocity can
be readily dotermined., '
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DISCUSSION OF CHARTS

Usefnl equations. - The net tlrust of the turbojet,
when the effoct of the fuel weight is neglected, is given by the
cquation :

F=M (VJ -v,) ) , (1a)
When the effect of fuel weight 1s included, the thrust is given by
F=M(Vy-V,) +fMV, (1v)
The net thrust horsepowsr thp 1s given by
thp = F V_/550 (2)

he compressor-shaft Lorsepower ner slug per gecond of alr is
expragsed as ‘

Po/M = J cpg T Z/550

c D
(3)
= 5675 Z (TO/519)
The compressor-inlet total temperature is obtained from,
- 1 - 3
Tl/TO =1+% (4)

The fael consumption per unit mass rate of air flow is given
in terma of the fuel-air retio by the following relation

~~
192
~—

Wf/M = 115,920 T

By means of equations (1) to (5) and the curves of figures 2 to¢ 7
the performance of the turbojet engine and soume asscclated guantitvice
of interest can be readily determined. The curves are given in a
form which shows the effects of the important variables and enables
oither very accurate computations or rapid but less accurate compu-
tations to bte made.

Curves for obtaining the flight Mach number, the values of ¥,
and the compresgor-inlet total pressure for variocus values of tre
fTactor Vofﬁgi9/TO are shown in figure 2. The compressor-inlet
total teriperature is obtained from the value of Y and equation (4).

The guantity nCZ is plotted against tiie compressor total-
pressure ratio and Y In figure 3. The compressor power (and nence

-

the turbine nower) is computed from equation (3) and the value of I,
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The effect of the variation in the specific heat of air during com-
rression is neglected in this plot, the error introduced being less
than 1 percent for the range of coupressor pressure rat*os shown in
figure 3 and for compressor inlet temperatures up to 550° R.

The -value of (py/py),.p DPlotted against the factor

e / .

ncnte ‘ \ ! ﬁ) is also given in figure 3. The actual compressor
0 1+Y :

pressure ratio p,/p, divided by the quantity (pp/py)pep defines

the value of the factor A nsed in figure 4(a). This quantity
(Pz/pl)ref 1s useful in that it is equal to the compressor pressure
ratio for maximum thrust per unit;gmss'rate of air flow for any
given value of 1N Ny ¢ ;3 JT..___), if the rate of change of the
factor € with respect %o a change in pressure ratio is negligible.
The factor € 1is one which accounts for the effects of pressure
losses in the inlet duct to the system, pressure drop in the com-
bustion chamber, and the deviation from the value of the specific
heat of air at 519° R of the specific heats of the gases during the
expansion through the turbine and the nozzle. In a well designed
system the value of £ 1s cloge to or slightly greater than unlty
and does not vary appreciably with pZ/Pl‘

When the change in € with Pz/Pl is appreciable, then
(pg/pl)ref is less than the compressor pressure ratio giving mexi-~
mum thrust per unit mass rate of air flow; however, even in this
case the thrust per unit mass rate of air flow corresponding to
(pz/pl rof 18 generally within 1 percent of the true maximum. Hence
figure 3 permits a rapid approximatlion of the pressure ratio for
- maximum thrust per unit mass rate of alr flow.

The main performance chart for determining the Jet velocity is
shown in figure 4(a), From the left-hand set of curves of figure 4(a),

n cnt,

the Jet-velocity factor Vj\

5&9
\\ can be determined as a func-

tion of Meng € gﬁ and the parameter A or 1/A for zero flight

o]
speed. (When A 1s less than unity, the value of l/A ig used in
reading values from fig. 4(a),0 The Jet-velocity factor can be obtained
from airplane veldtities other than zero by moving horizontally across
the graph to the desired veloclty curve on the right-hand set of curves
and then reading the value on the lower abscissa. The thrust can
then be computed from the value of V: and equation (la). As provi-
ously mentioned, the value of A is found by dividing the compressor
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pressure ratio wpo/py Dy the value of (pB/Pl)rof obtained from

figure 3 corresponding tc the values of the varametors ng, Ty, €,
Ty, Ty, and Y Deing investigated.

It i8 noted in Tigure 4(a) that for given values of Mg, Ny,
Ty, and Ty, iIf € remains constant as PB/Pl or A varles, then
the variation of jet velocity with pressure ratio occurs along the

m
4
T ;
when A is equal to unity, which occurs at a pressure ratio equal
to (Pz/pl)ref' Actpally, however, for a given unit as pz/pl

L T
varies, the value of ¢ ° changes slightly and hence MMy € Té

congtant MMy € ‘line. In this case, V. has a maximum valuc

changes, with the result that V; has a maximum value for a valuvo

of p,/py somewhat greater than '(pZ/Pl)rcf' It should also be
notcd that ,(PZ/pl)réf is changed by the change in ¢ and this now
value must be used in computing the new value of A vwvhen PZ/Pl is
varied.' In any event, the value of Vj corresponding to A =1 is
a close approximation to the jet velocity for maximum thrust per unit
mass rate of air flow M for a given set of values of Ty, Té, and
componont cfficiencies.

Tic losses in kinetic onergy in the turbine passages appear as
heat cnergy im the gas leaving the turbine. This cnergy will bo
tormed “turbinc-loss reheat." If therc is further expansion-of the
gas in passing through the Jet nozzle (causcd by a roduction in
static prossurs in passing from the turbinc exit to the jet-nozzle
cxit), a conversion of part of thc turbine-loss reheat to kinetic
cneyvgy occurs in the jet. If, however, the velocity at- the turbine
exit is substantially equal to the final jet velocity, no further
cxpansion cccurs and no kinetic encrgy is recovered from tho turbine~
loss rchoat. The curves of figurc 4(a) correspond to this casec.

The ratio of tho increoasc in Jot velocity to the final jet velocity.
AVJ/VJ obtained when the velocity at the turbinc discharge Vg is
less than tho Final jet vclocity is shown in figurc 4(b).

Figuro 4(b) shows that AV;/Vy =0 whon CyVg/Vy =1 for all
values of turbine officicncy. It is also notod that AVy/V.
approaches O ag turbinc cfficicncy approaches 1 for all valucs of
Cy 5/Vj becausc the turbinc-loss rehcat approaches O with incroasc
in turbinc efficicncy.




HACA ARR No. E6GEl4 ’ 9

It is evident from figure 4(b) that for a given turbine offi-
ciency; the smaller the ratio of C VS/V s the greater is the
recovery of turbins-loss reheat. DecreaBe in turbine-discharge
velocity Vg 1is obtained by increase in annular area swept by the
turbine buckets. Bucket stress is one of the principal limitations
on bucket height and thus on bucket-annulus area.

~

The compressor-cutiet total temperature T, 7plotted against

the factor T, (1L +Y +Z) is shown in figure 5. This curve
includes the varlatlon in the epecific heat of the air during caom-
pression and was computed using reference 1.

The fuel-air ratio facfor Nef is plotted in figure 6 against
T4 - T2 (the rise in total temperature in the combustion chamber)

for various values of T,. These curves were constructed using
data on specific heats of air and exhaust-gas mixtures given in
“efe ence z and arg for a fuel heving a lower heating value of

,800 Btu per pound and a hydrogen-~carbon ratio of 0.185. For
;uels having other values of h, the value of f given in fig-
ure 6 1s corrected accurately by multiplying it by the factor
18,900/h. The effect of the hydrogen-carbon ratio of the fuel
on f is generally small and for a range of hydrogen-carbon
ratios from 0.16 to 0.21 the error due to the deviation from the
value of 0.185 is less than one-half of 1 percent. The fuel con-
sumption per unit mass rate of air flow is obtained from the value
of f and equation (5).

The value of €, which takes care of the effect of the second-
ary group of variables, is obtained from figure 7. The guantity ¢
is given by the relation € =1 - a - b +c¢, where a, b, and c
are given in figure 7. The effect of the drop ih total pressure
across the inlet duct Apg is shown in figure 7(a). The effect of
the over-all drop in total pressure across the combustion chamber
Ap(2-4) 1is introduced in figure 7(b). Reference 3, which diescusses
combustion in & chamber of constent flow area, is useful in evalu-
ating the momentum-pressure drop in the combustion chamber. A
correction for the difference between the physical properties of the
hot gases and the cold air, involved in the computation of the
expansion processes through the turbine and the Jet nozzle is given
in figure 7(c). Although ¢ does not differ appreciably from unity,
a changs in ¢ of 1 percent in some cases‘'may introduce a change of
several percent in the thrust. :

In the discussion of the charts, the.effect of the weight of
injected fuel was not mentioned. It is shown in appendix C that
the effect of the weight of fuel on the Jet velocity can be taken
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-into account by using for the value of 1n_ in the charts the product
ot the actuazl turbine efficiency and (1 + f). This term appears in

/

T . 2
4 1
the fs N e i i z ind 1 P, /P
1e factor MNp€ T, <i 7 Yj) in figure 3 used in finding (12/ l)ref

and in the factors 1n 7 e?é and V ./'q n. /e @ /519/T of fig-

) ct T J" c't' v x 0
ure 4(n). The value of V, determined is then used in equation (1b)
which tgkes into acccunt the zdditional weight of fuel introduccd.

As an exomple of the use of these flgures,consider o system
having the following performance and operating parameters:
, .
. Compregsor efficiency . . . . . . + « « o o v+ . « . . . 0.80
. Turbine efficiency ny P O o0

. Cumbustion efficliency Me » v s e 0.97
. Dischargesnozzle velocity coefficient C_ . . . . . . . . . 0.96
. Airplanc velocity VO,' (ft/sec) . . . R &
. Cumpresscr total-pressure ratio pz/p1 e e e e e . 5
. Atmospheric frge-sir gtatic pressure p , (in. Hg) . . . . 29.9
. Atmospheric temperature T (°R) © . e . . . . 519
. Combugtion-chamber-outlet %otal temperature T , (°R) . . 1960
10. Drop in total pressure across inlet duct Apd,'(in. g). . 0.5
. Drop in totel pressure acroass combustion chamber

Ap(2"4), T -

Chy, (BE/Ib) L . . . . e o o e e e e e e .. 1B,500

D O~ DU N

(=

3]

1

(n) Dctermination of Y and flight Mach number

From items 5 and 8

13,7 A2 (Ft/s00) « . h e e e e e e e e e e T3
o T,
From item 13 and figure 2

e 0 G 1 2k
15. Flight Mach number '« . + . . . . . + « & « + « & « - » . 0.656

(b) Determination of Z and Compregsor power

Using items 6 and 14, read on figure 3

I6. M2 oo e . 0.726
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From items 16 and 1

17..Z . e e e e s e s e e e o« » 0.908

Using items 17 end 8 in equation (3) the ccmpressor power per unit
mass rate of air flow is

18. P /M, {np)/(slug/sec) . . . . . . .. .. ... ... .. 5153

(c) Determination of fuel-air ratio and‘fuel consumption

From items 8, 14, and 17

m.%(1+x+zb(%)..... .....;......- 1035
Using item 19 and figure 5 .

20, Tp, (FR) © o v v e e e e e e e .. 1025
From items 20 and 9

21Ty = Tpy (OF) « v o e et e e e e e e e e e . . 935
From items 21 and 9 and figure 6 |

22. nf S ; S e e e e . . . 0.01372
Using items 22 and 3

% RO s R

Since the lower heating value of the fuel i1s equal to 18,500 Btu per .

pound (item 12), item 25 has to be multiplied by the factor =2l

and the adjusted value is : 18,500

24, f . v 0 o oo e .. L 0.01485

From item 24 and equation (5) |

25. W/M, (1b/hr)/(slug/eec) - . . . . . . e e 1675
(4) Deternination of the factor ¢

From figure 2 and item 13

O e C e e .. .1.335
1) : -

@)
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From items 26, 10, and 7
Arg
by
while from items 7 and 11
Ap2

P,

and from items 14 and 16

27.

28.

29. Y. + TICZ

Using items 27 and 29 in figure 7(a)

30. a

Using items 28 and 29 in figure 7(b)

3. b

From items 26, 10, 7, and 6

P2 ,
'32'55-..“‘.'.

NACA ARR No. E6E14

e v e ... . 0.013
SRR . . 0.10
... 0.812

e« .+ » « 0,005

. 0.004

R it

which when used with items 9 and 24 in figure 7(c) gives

330C v e v e s

From - items 30, 31, and 33

34, ¢=1 --0.005 - 0.004 + 0.034

(e) Determination of (Pp/Pylyep and A

Using items 1, 2, 34, 9, 8, and 14

T 1 2
35 ° E.-:"'h' e as— .
ey o (1 + Y)
From item 35 and figure 3
Dividing item 36 by item &

STe A v v v v v e e

« .. . 0,034

e o s s . o« + 1,025

. . . » L d . ’ 2.363

e v « « « 4.50

. 1.333
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(f) Determination of Jjet velocity, net ! thrust per unit mass
rate of air flow, and other pericruwance quantities

Using items 1, 2, 34, 9. and e
: T4 ) ) .
38" Tlcnte .T-O- " s e e e 6 3 + & & B e s 9+ a & 9 e & s & " 2-787

From items 38, 37, 13, and figure 4(a) the jet-velocity factor is

39. v, [Mcht  [519 (£8/s6c) + + v v v e e 1808

Infez2 NT :
v

and from items 39, 1, 2, 4, and 8

400 VJ) (ft/sec) T '8 s 3 & ® & 8 6 -4 2 ® e s s s 9 & 0 l‘ o‘. . 204:4

The net thrust per unit mass rate of air flow is obtained from
‘items 40, 5, and equation (la)

41. F/M, (1b)/(slug/ssc) « o « o o « .. e e e e e e 4 e s s 1311

The thrust horsepower per unit mass rate of air flow is calculated
from items 41, 5, and squation (2)

42. thp/M, (thp)/(slug/sec) « « . . . e oL 1747

.
-
.
3
.
L]
.

From items 25 and 41

43. Wo/F, (1b/hr)/(1b thrust) « « « ¢ « o v v v v v v . 1.278
and from items 25 and 42 ' \

440 Wp/thp, (1B)/(ERD-BX) « + + « + « « v v e o v v v v o . 0.959

(g) Effsct of the weight of injected fuel and turbine-loss
reheat on jet veloclty and thrust

Where more accurate results are desired, the calculations are
‘made taking into account the effect of the weight of fusl introduced
and the effect of turbine-loss reheat. The effect of the fuel on
Jet velocity is handled by using for the value of Mt the product
of the turbine efficiency and (1 + f). This will now be done for
the casge jJust considered.

From items 24 and 35

T ) 2 N ) .
4 1 o
45 ncnt T ( l + Y) . [ . . [ . . . . . [ - - 3 . . > . . 2 9390
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‘rom Figure 3 the‘cdrreaycndtng

4:7:. p ‘Ip e o s e . ‘A s s & s e a4 & s o o e » . . .. s .
[e] ( 2/ l)ref ‘ . . : 4.61
From items 6 and 46

Similarly accounting forfuel flO‘W, item 38 beconew

48 'f] '{] € T— A l ’ | 2 8 2

: - - € . - - . L] - . - * . L » * - - - L] . . . . . - . L_."l7
c't o ! :

so that from items 47, 48, and I3, and figure 4(a)

f— '
. NNy /519 .
9. Vo4 /=5 T frufsec) oL oL L. . ... .. 1838

c,?
Again taking into account the effect of fuel by adjust;hg the
Ny erm -
50. V,,(fb/sec) - . . v .o L. 2085

which differs from item 40 by 1 percent

The effect of reheat mey be importent when =7, is congiderabdly
less than unity and the velocity at turbine discharge is appreciably
less than the final Jet velocity. Iet it be assumed in the exdmploe
being discusséd that the turbine is degigned to have a dischargs
volocity of

51. T, (ft/sec) + . . . . . .. C e e e T00

Then from items 4, 50, and 51

SZu CyVs/Ty o v v v v oL 0033

From items 8, 9, and 17
T4

T,
From figure 4(b) corresponding tc items 2, 52, and 53

53.

AP II 3 e I 1

Y S 2 oY o B 0§ K=
A J/ 3 7 0.01
and from items S0 and 54

5. AV, (FE/96C) & v v i e e e e e e e e e s
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Using items 55 and 50
56. Corrected Vj) (ft/sec)A. . e e s s:e s g 6 o s s s e s o 2090

Thus in this case, reheat provides an addltional 1 percent increase
in the value of AVJ.

The thrust per unit mass rate of air flow is cbtained from items 56,
5, and equation (1b)

570 F/M, (lb)/(slug/sec) ® e 8 & 4 8 o » e = s @3 e s e o @ ‘135?

compared with 1311 where the effects of fuel and reheat were
neglected.

From squation (2) and items 57 and 5

58. thp/M, (thp)/(slug/sec) . . . ; C e e e e e e e e e .. 1808
and using items 25 and 57 |
59.>WT/F,,(lb/hr)/(lb) e e e e e e e o s 1,234
and items 25 and 58 give

60+ Wp/thp, (ID/thD-HE) o « o o o o o o o o o+ o o o « o 0.526

(h) Optimum thrust per unit mass flow of air

The velue of VJ corresponding to (p_/p ) is very close to
- ) e :
the valve of VJ giving meximum thrust per unit mess rate of air flow.

The compressor pressure ratio ‘pz/pl for maximum F/M is slightly

greater than (Pz/Pl)ref because of the increase in € with pressure

ratio. The value of the meximum F/M and the corresponding value of
Pz/Pl can be obtained by computing VJ for a range of values of o

pz/pl in the vicinity of and greater than (pZ/pl)ref, by the method

previously illustrated for a compressor pressure ratio of 6. From é
plot of Vj against pz/p1 the maximm value of VJ (and hence

F/M) and the corresponding value of pz/pl can be read. This

computation for the previously illustrated case was made and the
results are presented 1n the following table.

The effect of the weight of fuel and the turbine-loss reheat vmie
neglected in calculating the values given in the table. Singce
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item 36 gave a value for (pz/pl)re of 4.5, the range of compressor

f
pressure ratios chosen started at this value. In the calcwlation of
¢ the values of Apd and Ap(2_4) were agsumed to remain constant

at the values given in itembs 10 and 11, as Pz/Pl varied.

! T ’
/
P2 | . - @?) R v, F/M WM | Wo/F
Dy T, . < £t) | __1b [Ab/hr \ |/1b/hr
, re sec, |\glug/sec/ | \slug/seq) |\ 1b
|
4.5} 1.017] 2.765| 4.44 |1.014| 2049; 1316 1820 | 1.383
4.8 | 1.019] 2.771| 4.46 |1.076| 2051| 1318 1790 | 1.358
5.0 | 1.0200 2.773| 4.46 |1.120| 2052] 1319 1770 | 1.342
5.2 | 1.021 2.776| 4.47 |1.163! 2051 1318 1751 | 1.329
5.6 | 1.023 2.782| 4.49 |1.247| 2049{ 1316 1713 | 1.302
6.0 | 1.025| 2.787| 4.50 |1.333| 2044 1311 | 1675 1.278

The table shows the increase in € with increase in pg/py -
— m
This causes an increase in the value of ﬂcnte%é and the correspond-

ing value of (pz/pl)ref.' The percentage increase in A 1is slightly
less than the percentage increase in Pz/Pl because of the increase
In (Pp/P1)pep-

a value of F/M of 1316 obtained at a compressor pressure ratio of

The maximum value of F/M 1s 1319 as compared with

4.5 which was the (pg/pl)ref for the previous example (see item 36).

The values of VJ and F/M varied so slightly over the range of

compressor pressure ratios from 4.5 to 6.0 that they were calculated
using the formulas given in the appendixes rather than using the
charts in order to detect the variation. It is noted that the true
optimum occurs at a Pz/Pl of about 5.0 which is about 11 percent

greater than the pz/p1 of 4.5. If a maximum value of F/M is the

main design consideration, it is doubtful that the additional compli-
cation to obtain the higher compressor pressure ratio is warranted
by the small increase in F/M obtained. However, for the case where
& higher compressor-discharge pressure results in an increased mass
flow of gases through the engine (for example, when sonic flow in the
turbine nozzles instead of in the compressor limits the gas flow
through an engine), the increase in F 1is greater than the increase
in F/M, so that higher values of Pz/Pl may be Jjustified. When

fuel consumption is also an important consideration, the increase 1n
compregsor pressure ratio may be desirable ag indicated by the values
of Wg/F  in the table.
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JET-PROPULSION-UNIT PERFORMANCE
For illustration of the performance and some of the char-
acteristics of the turbojet system, several cases of interest will
be discuased.

The following parameters are assumed:

Compressor efficiency Mg o o + o o o v o o o ¢ s o s o o & 0.85
Turbine efficiency Mg ¢ « o ¢ o ¢ s o o o o o o s oo s o 0.9
~ Discharge-nozzle velosity coefficient C e 8.0 s s e s w s 0.97
Combustion efficiency Mp o o o T 0,96
, Heating value of fuel b, (Btu/lb) C ot et e e e e e o 18 900

E» « & & ¢ & ¢ ¥ 2 + & G s e B 3 'BP B & S ° 6 ¢ o ¥ O o P 0 loo

These compressor and turbine efficlencles are not unreasonably
high when it is considered that in the definition of efficiency in’
this report the compressor and the turblne are credited with the
kinetic energy of the gases at the compressor and turbine exits,
respectively.v

The computed turboaet performance in this illustrative case
includes ‘the. contribution of the fuel weight.‘ '

The values of component efficiencies and "¢ for any given
turbojet engine vary with'altitude and flight speed. In the present
computations, the component efficiencies and € were assumed con-
stant at the values listed; hence, the illustrative curves represent
the performence of a series of turbojet engines having the listed
characteristics. One curve is also given for a case in which the
variation of ¢ with compressor pressure ratio is considered.

When Vg, = 0, T, = 5199 R; figure 8 shows the rate of fuel con-

supption per unit thrust and the static thrust per unit mass rate

of air flow plotted against the compressor pressure ratio for various
values of the gas total temperature at the combustion-chamber exit.
It is noted that minimum specific fuel consumption occurs at a higher
compressor pressure ratio than maximum thrust per unit mass rate of
air flow. A curve for T4 = 19600 R -Where the variation in € with
pz/p; is considered is also shown in figure 8. For this curve,
values of Apd/p ==0,04 ‘and Ap(2 4)/po = 0,10 were chosen and .

assumed to remals constant ., (For a given unit, however, Ap(2,4)

will also vary with pg/pl 8o that the determination of the actual
variation in € with compressor pressure ratio becomes quite com-
plex.) It is seen from figure 8 that the value of compressor pressurs
ratio for a maximum value of F/M 1is greater for the case where ¢
varies with pressure ratio than for the case where € 18 assumed con-
gtant; and that the peak value of F/M for the first case is slightly
higher than that for the second case.
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Figure 9(a) 1s a replot of figure 8 and shows compressor pres-
sure ratio and fuel consumption per unit thrust plotted against
thrust per unit mass rate of alr flow. Similar curves are presented
in figures 9(b) and 9(c) for other combinations of atomospheric tem-
perature and airplane velocity. A scale of specific fuel consump-
tion in)pounds per thrust horsepower-hour is added on figures 9(b)
and 9(c).

The amount of air handled by a unit is limited by the diameter
of the unit. When high thrust per unit mass rate of air flow rather
than low specific fuel consumptlon is the primary consideration, 1t
is apparent from figure 9 that high combustion-chamber discharge
temperatures should be used. High thrust is the more importent con-
sideration in take-off, climb, and paximum-speed operation.

The curves of figure 9 show that, with no limitation on com-
pressor pressure ratio. higher thrust per unit mass rate of air flow
and lower specific fuel consumption can be obtained by increasing
the ccombustion-chamber-outlet temperature until the value giving
minimum specific fuel consumption is reached. For figures 9(a),
9(b), and 9(c), this temperature is less than 1460° R, about 2210° R,
and 1710O R, respectively . Further increase in temperature permits
&n 1ncrease in thrust at the cost of increase in specific fuel con-
sumption, As the gas temperature at the combustion-chamber outlet
is increased, a large increase in compressor pressure ratio is’.
required to maintain nearly minimum specific fuel consumption.

If the available compressor pressure ratio is limited, the
combustion-chamber-outlet temperature for minimum specific fuel con-
sumption is very sensitive to the other operating conditions. For
example, at a limiting compressor pressure ratio of 4, minimum spe-
cific fuel consumption occurs at a temperature below the lowest
values shown in figure 9. If the limiting compressor pressure ratio
is 8, the combustion-chamber discharge temperature for minimum spe-
cific fuel consumption is still less than the lowest temperature
shown in figure 9{c) for an atmospheric temperature of 412° R but
approaches an intermediate value of approx1mately 1710° R for an
atmospheric temperature of 5190 R (fig. 9(b)). The optimum
combustion-gas temperature is also very sensitive to the efficienules
of the components of: the jet-propulslon units. -

In figure 10(a).the specific fuel consumption and the thrust
per unit mass rate of air flow are plotted against airplane velocity
for the conditions listed in the figure for the following cases:

(a) Compressor pressure ratio chosen to give values of A = 1

(b) Compressor pressure ratio chosen to give minimum gpecific
fuel consumption
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It is noted that the specific fuel consumption for case (a) is
between 15 and 23 percent higher than for.case (b) for airplane
velocities between 300 and 800 teet per second; the percentage dif -
ference in specific fuel consuymption is greater at the lower air-
plane velocities and at the lower atmospheric temperatures,

The thrust per unit mass rate of air flow is between 21 and
31 percent higher for case (a) than for case (b) for airplane veloc-
ities between 300 and 800 feet per second; the greater percentage
difference in thrust per unit mass rate of air flow occurs at the
lower airplane velocities and the lower atmospheric temperature.

Figure 10(b) shows the compressor pressure ratios and the
values of A that are assoclated with the performance values given
in figure 10(a). The large increase in required pressure ratio from
the condition of A = 1 to the condlition of minimum specific fuel
consunmption is noted.

CONCLUSIONS

The following conclusions are based on an analysis of a turbojet
system: ‘ ' \

1. Maximum thrust per unit mass rate of air flow occurs at a

lower compressor pressure ratio than minimum specific fuel con-
sumption.,

2. Increase in combustion-chamber discharge temperature causes
an increase in thrust. An optimum temperature, however, exists at
which minimum specific fuel consumption is obtained. This tempera-
ture for minimum specific fuel consumption is at aome conditions
less than the temperature limit imposed by the strength-temperature
characteristics of the materials of present turbojet units.

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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APPENDIX A

ADDITIONAL SYMBOLS USED IN THE DERIVATIONS OF PERFORMANCE EQUATIONS

Symbols used in the derivations of performance equations, in
addition to those given in the report, are: _
Te -1 Ya-1

pz/?l_m;lya or A T
Ll'Pz/Pl)refJ

p average specific heat at constant pressire of the exhaust
gases during the expansion process. This term, when used
vivh the temperature change accompanying the expancion,
givres the change 1in enthalpy per unit mass.
(Btu)/(slug)(°F)

Al - factor defined as equal to

average specific heat at constant pressure of the gases
during the combustion process. This term, when used with
the temperature change during combustion, is used to deter-
mine the fuel consumption. (Btu)/(slug)(°F)

K¢
a3

specific heat of alr at constant pressure at compressor-
outlet total temperature. It is equal to the enthalpy ner
umit mass (zero enthalpy arbitrarily fixed at absclute zero
temperature) divided by the total temperature.
(Btu)/(slug)(°F)

pa2d

K, K' . ratios of functicns expressed in terms of physical properties
- of sXhaust gas to same functions expressed in terms of
" pnyaical properties of cold air. These functions are
~ degcribed in appendix C.
Dy ' ‘total pressure at turbine inlet, (1b/sq ft absolute)
Psg static pressure at turbine discharge, (1b/sq ft absolute)
Py - turbine-shaft horsepower output
R gas constant of exhaust gas, (ft-1b)/(slug)(°F)
a gas constant of air, (ft-1b)/(slug)(°F)

T gas temperature at turbine discharge, (°R)
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ATs reheat due to net turbine loss, (OF)

th work obtainable from isentropic expansion of exhaust gas,
(ft-1p)/(slug)

V4 ratio of specific heats of exhaust gas -

Py density of atmospheric air, (slug/cu ft)

The subscript i refers to the hypothetical case of no burning, no

turbine in system, compressor-shaft power input ncPc, compressor

efficiency 100 percent, and no losses in system beyond compressor.
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APPENDIX B

EQUATIONS FOR THE PERFORMANCE FIGURES

The equation numbers correspond to those in the derivation-glven

in appendix C.

Figure 2:
2 V pA
¥ o 9 ) 1 (v fs19 (c6)
27 opa T, 2 cpg 519 o Y/ T,
- 7a,
- A7 gL
+ Ap \ 7 3\ a
PSR ), (v, [519) (c70)
o [
PO L o odJ C.Pa \_)19 ‘\\‘ (o] TO Vi J
] ; 1 ‘. /
Flight Mach number = TR T (v (c72)
(7a - a 919 ﬂ/q} '
‘Figure 3:
Ta
. Y.L
i Z a
P2 _ (], % (c67)
7a
= = NNy €7 8,
1+Y ct T
pl/}e L e} :
Figure 4(a):
: —
1 /—- T T» ]
Vrj'\ ]Cnt 5].9 1 9 O +2JC 5.1_9 [’n nl- € r—ITv— -./A' )l\ n 'q.r T . ‘
“ C Q o]
v v
) 37
where A' = A
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Figure 4(b):
N |
1 CVs\ |71
2 L\ ¥ /) N,
AvJ ‘ J/ N .
v. °© ;
J _?é_ °p_ . 1
T, Z Cpa
Figure 5:
Coa
T, = —— T, (L +7Y + 2}
¢ Cpa2
: !
Figure 6:
: c,. {(Ty - To) -
¥ ﬂ=f=r(4 2)
i 32.2 h

where Cp ig determined from unpublished data

Figure 7(a):

azAr"d(”a'l\ 1

P\ 7a JI+rng 2

Figure 7(b):

Figure 7(c):

23

(cez}

(ca9)

(c27)

(C43)

(C45)

(C50)
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APPENDIX C

DERIVATION OF EQUATIONS FOR JET VELOCITY, THRUST, THRUST
HORSEPOWER, FUFL CONSUMPTION, SPECIFIC FUEL

CONSUMPTION, AND MiSCELLANEQUS EXPRESSIONS

From the momentum equeticn the net jet thrust, when the effect
of the mages of fuel is neglected, tis ’ '

F=M(Vy-V,) (Cla)

and when the mags of fuel is included

P=M (vJ ;‘vo) + M vJ (Clb)
The thrust horsepower developed by the Jet is
tho = F V_/550 (cz)

Jet Velocity and Thrust

Consider the hypothetical ceso of a unit runaing with a com-

preagor e¢ff'iciency of 100 percent but with a comprosgor-shaf't power

- input equal to n PC (that is, tho product of the actual compresscr
officicncy by the actual shaft power input). Also sssume nc turbine
in the system and no burning (that is, the compressor is considered
tc be driven by an engine). The available jet kinetic energy,
agsuming no losseg after the compressor but accounting for the losses
in the intake system leading to the compressor, is '

4 550 q P’ - -2 M (€3).
pO

The following approximation is accurate for a wide range of

2y and po/ps.
-
| 7a1|

H

4
1 2 ~ i /Po\‘ a
g MVy" = M cpaz Toy 1 -( 5 ) (c4)
. [ N
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o ‘
From the cconservation of energy,

2 ;o :
‘pa2 g g . o5 Mefe Yo (cs)
 %pa 21 ©7 M J cpg 2 J cpg :
By definition
o , ,
Y=V 230, T, (c6)
Z = 550 P /T cpg M T, (c7)
then
Cpa2 ‘ .
P _TZi:‘TO (1+Y+ 'f]c Z) (08,
| pa
and
i ﬂr’ .
IR ARE A
Vyf = VE(L 4 nCY T 5 (09)
2 % Yo "
Now

Apg - Apd 7a - 24d Cp To B Apg (74 - 1 (c10)
Ta ,) Po Ya J ¥ -

and eguation (C9) becomes

NI}—‘

3 o [L*07F (C11)

2 2 Z APd 7a- 1]
SuN

The compressor energy transfexred to “the gas in this hypothet-

ical case is equal to the useful energy trensferred to the gas in

the actual case where the sghaft power input is PC and the compressor

efficiency is N Thus, the compressor-discharge pressure .p, is

the seme in both cases. The compressor-discharge temperature for the

hypothetical case Tgy differs from the true compressor-discharge

temperaturs. When le and T21 are eliminated from cquationa (C4)
(c8), and (C11), the following relation is obtained:
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! -1

T on. T (LaYen. z) |1 (io e v.2 {i z_2Pa(Ya= D\ 1]
2 c (L +Y+7. Z2) -m) = + N o -—{ — =
pa ‘o e L - G L A AN /’Y_j
‘ ) (c1z)

which is uged later to evaluate the compressor outlet pressuréA P

By definition a

. 550 Py ‘
= = - 12
4
Pss (1 +71) MV

(L+f)MT ey Ty |1 - (\

v, / | 2

Now congider the actual aystem with burning taking .place and
turbine power being removed to drive the compresgor. The jet
velocity (vhen the effect of reheat due tc the turbine loss, which
occurs in the further expansion of the gaseg from turbine-discharge
static pressure to atmosvheric pregsure, is neglected) is given by

550 Py

N
o) o4t
V.=cAj2Jc, T, {1 - == - (C14)
J v p 4 (:p 1 , :
\J_ 3 Pa 4 oz Mang (l.+ ) :

For simplification, the effect of the weight of the fuel inJjected
will be neglected by dropping the term f in equation (Cl4). The
effect of the presence of .the fuel on the Jet velocity V. can be

taken into account in the subsequent equations and charts for V

by using, for the value of Nys the product of the turbine effi-
ciency and 1 + f, as the quantities 17, and f appear only as
the product n, (1 + f) in equation (C14). Now '

2-1 (1)
1 -(39 ’ > AP(Z o\’
Pq (\ »

When the last term of equation (C15) is expanded into a series,

(C15)
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(-1

- Ar o T, _ Ap -
Q i 4;;&) o1, 2o 0%(e) (G163

7 P,

for small AP(Z-A)/PZ- Since only enough turbine power is remcved
to drive the compressor

- Py = B , (c17)

When equations (Cl5), (Cl16), and (Cl17) are substituted into
equation (Cl4),

f [ Rt Y 7-1 '
: Y V4 :
l D P - \AP(p_4) 550 P,
N \I L \Pz/ P Py N4 D, Ian,
' . [
(c1a)
Let . - 7?
VN7
L <9> |
o P2/ | ¢ |
K=+ = (c19)
73:"1 Cpa /
Y
1 P
1 - i_)
L 2 J
and
P
‘P \7’
. \Pz,/ .7
X' = (C20)
7.1
78.
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B Og ~
. m \MIWUJ.Him -.w b+ o1
. — e & | (971 -
T\ @D /9N x|
. N q-3 — - 11 =023
(¢20) \ roran 2 7k \ \ﬁ/w zg T - Ay Pay F
b + H _— -
N 7w \C@\rorz/\r-%) (77%)ay
L Hlﬁh -
uorqaBIed oyy £q POUTIOP 81 3 oJeUn
Hy No¢+.w¢.a o R
ANNOV ’ ' .NO - - k] .V. @_H_ \’\b. - ..>.
: 2, & h oy 4 .@mo> T
I0
(t20) ~ e -
ogq -
wmlml/mlimoc: o \ ,\M
oy 1-°4) Pdy AN,=.+M‘TH‘ s /| .
A2 5 - I9: Rl T o 3 3 | Ay = g
7 O.P o \ \Np/ 2 A \ .mx. . Nch ’ by .\ AL |I)M| OC + T .P £/
et | @urarT = W #2) T\r-%) Pay 2 /
/ Q\ O OHVU // '/ QQ AN - \
m /
-%4 -
L T = /

‘(91p) uotsEube UT pesu 8B (020) PUE “(610) “(210)

‘(Lp) suotgenbe uely
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Equation (C22) can be written

) :
/ [1 + np (,:./Y)] Cy 2 :
V % v €T T, \1 + Y + Mg AN ﬁ-mYu (C24)

t

Wnen equation (024) ig substituted in equation (Cla)

| / o ene /0] o fz |
1E=‘:.M(VJ-VO)=MVO\lcv gi,-;. (1+Y+ﬂc A _'TLGY -1 (C25) .

and equation (C6) is used in equaticn (C25)

TS __L__.i 0 T, (Y+m, 2) e
%,\/%@- = 42 J cyq 51 l»\/cvz € 2 ° (czr)

T, (L+Y+ Mg 3) <l\ U{\\

Tuel Consumpticn

Cp (Tg - Tp) .
ng ¥ = AT (ca7)
From the conservation of energy
v.2 550 P, -
cpaz To = cpa Ty + 5T + TR {Ccz28;
s¢ that
. . | |
T, = 22T (1 +Y +2) © T (c29)
c o
paz
!
- Pressure Ratlo for Optimum Thrust
For a given 'V Te, T4y MNe» N¢g, 2and Cy; neglecting the

change in ¢ due to a change in Mg Z, the maximum thrust per unit

megs rate nf air flow with respect uC compressor power input (or
pressure ratio) is obtained when



30 NACA ARR No. EEE14

° <§;Nﬁ§r_) | Tq

z C?‘
=0 = Cv2€—( , l \ - A (CSO)

——g-(ﬂc z) To\l + Y + ng Z/ e My
from which
T
1L +Y+ (ﬂc Z)r@f = e Mg € T (c31)
: i} o}
Define A' DLy the relation .
1+Y+mn,72
Y+ (e Pgep i
\
[ B T,
l+Y+nCZ:A';\,}nCntg_T— (C23)
o

Jet Velocity, Thrust, and Specific Fuel Consumption
in Terms of the Factor A"

Equation (C24) can be written

2
VO 2 T4 (Y + 'Tlc Z) CV T]c Z
V- E C € e - ) (034:)

J VY' A M TO (l + Y + nc Z) nc nt

When equation (033) is used in equation (C34),

r. — - S

[T, \

N T it B e
YT\ ncnt '”'“““’"f“ gy (M eneerg —1 -
V\Ct/ A',‘\/ncnte_— ERLTAN ©

(C35)

»
and

)
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V., n(nt _V__ /—' A' + - + 1 + Y (C3e)
gn > '\/Y /VT\ ’ﬂt T Y nt—, T 51

* Whet-equation (C6) is mubatituted 1in equation’ (C36),

O

Equation (C28) beccmes in terms of A'

F IS N / Ty T, ]
M"/T v\dJO 519 vm/\’,nonttT Q\.+A,)<\n nt€~+*+Y ﬁ

. The fuel cousumption per unit. thrust is obtained from egua-
tions {(C27) and (C38) and is

Evaluation of the Correction Factor ¢

From equations (Cl2) and (C6)

Ye~t Apg (75 - 1
2 Y +1n Z——,—;--(-l-(d

P\ . -
k—“ & o1 - : : (Ca0)
Do l+Y+nCZ
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When equation (C40) is used in equation (c23),

|
€ = il _ EEQ 7a~l 1 {KF-K' P2 7a - POF \ 7a !{L
=7 5 \ 7 J (Y +02) Bpg {7, !
] I O
t P, 7a
S
(Ca1)
or
| (Apd><7a fﬂ
I 14| — =
“1\ / i 3
c=K rl - ﬁﬁg /7a l} 1 | — o Ap(z 4) 7a L L. \Po Ve
= Po \\7a/ Y+nCZ§ Po Ya ) (Y + 10, 7)
- ) (caz)
let
bpy [7q " 1 1 \
e} \ A // \ C /
and
S {7a 1y
1+ ——
Ap Fr .o~ 1N\ \ )
P2 2, Y + 1, 2 /
; Apd /73—1“\
Wwhen equation (C40) is used in equation (C44) and the rold By
o \ Ta /

term in the numerator is neglected because it is small in compariscn
with unity,

- 7,
bP(2-1) [7a l\l ‘ o
')’ -
b= — Fo Ta_J - )a (C45)
Y+ 1M, 2 \1 + Y + nC.Zi

When equations (C43) and (C45) are substituted into eguation (042).

c=K (1 -a)-K'b
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the terme K and XK' are close to unity in value whereas the
values of & and b-are smell in comparison with unity; therefore,
enly a very small error is introduced by letting

K-2-b5 . (c4e)

€ =
Defining the quantity c as- ,
c=K-1 o (c47)
then .
cel-a-b+c (C48)
Now
X - ‘ th}—/R Ty - R , (c49)

l 7a
| /P(,> |
<a : 1> U \e)

~

where the values of wth/R T4 are cbtained from reference 5. These

values correspond to the required temperature T4 and pregsure
ratio PZ/Po' Therefore,

Wen /R T
Wen/ La R - .
¢ = = [ 7] By 1 (c50j

a
7a,

e

Correction for Reheat Accompany’ing Irrevergibility in the Turbiase

The actual Jet velocity including the reheat In the turbine is
given by the equation
*
z__l
ij-V 2 g /Po 7

T
..-__._.J

Lu.
—~~
«Q
Ui
P
S
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from which the fellowing equation in terms of differentials is
obtatined;

Zml_
A o 7
2-d_av, =2Jc, |1 —-/;LL\ aT (cs2)
2 J 2 Jo) ; o8
C S58.,
v
When equation (C51) is used in equation (C52),
v (V5 L2\ ar
2 L AV, = -V - V2128 (C5%)
2 \ a ‘5 /T .
Cy Sy / 58

Tgg 1s the independent varlable, therefore

ATSS = dTEjS
For small values of ATc, the follewing equation is very nesarly
true: - -
AV, = 4V, , (Csay
o J
If those sxpressicns Tor dT5S and 4V. are uged in equa-
tion (C53) Y

AV, 1 /CVs\ | Alsg 1 \
voo= 5 |t ~("1;“;) T (Cs5)
J \'J. 58 :
A4T5y 1s the amount of reheat and is equal to

AT (C56)

e el I

550 Py 1 N -
= 1
: G- 1)

/.

vhereas the gas temperature at the turbine discharge

. 550 Py VsP
Teg = Ty = st = oo e (cs7)

When equations (C86), (C7), and (C1l7) arc¢ used in equa-
tions (C56) and (C57),

‘C '\ IT \\
AT. = Z T <-Pi‘l (~— -1 58
Ss O C,.) /) ﬁt '/} ( ),
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2

‘ eV Conm
Teg = Ty - 2 T, (Zpay .5 yop Cpa (£3)
58 4 RANCE 2 9c¢c_ - =7
v/ ¥, P

and, when equations (C58) and (C52) are substituted into equa-
tion (C35),

~2 !
;L NEACH N P TN
2 B \ v / ! [6Ne? \ )
AV L NS p g
v T = (C63)
J o v 2
“pa 5 Coa
Ty -2 T, E:— - == YT, 6;_
T VO I
or
. p \éH
L (Gl
AV 2 | Vo N S
= ]
VJ T4 C‘D 1 sz Y (Csﬂ—)
TO VA cpa Voz 7

The Vsz Y/VO2 7Z term in the dencminator is small in comparison

with  (T4/To Z) (cp/cpa) -~ 1 eand can be neglected, resulting in
. / ’

AT
RN AARTS
s -\ / t\q. " 1
AV-] 1 ~d U
. o o
v T, (ce2)
" T -1
o cpa '
' Derivation of Miscellaneous(Expressions
(a) . 550 P, ‘
a N, 2 =1 (ce3)
¢ CMJ pa T,

whére the .compregsor power is accurately given for a wide range of
compressor pressure ratics and compressor inlet temperatures by the
relation
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and.

!
=3

T, = 2 = Ty (1 4 Y (c65)

When equaticns (C64) and (C65) are used in eguation (c63),

ir et
‘ ¥ s
/¥ a !
N z=(1+y>!'\—-§\i -1 (c68)
c NFy/ i
. Ta
, 7,
p 1 Z Ve .
- - Q : TCTY> (c67)
'.l - .

(b) When equation (C31) is substituted into equaticn (€57),

7a
‘ 2 2(y,-1)
P\ /2 4*, g o
5.} THRIFY MMy €T | (ces;
N L To
ref
(c) The ideal ram vressure ratic 1s
7a
e Y =L
Pl ad _{*1Ye
- () (cee)
Po Lo/
and when equetions (C65) and (C6) are used in equaticn (C59)
| . e
Py + bpg P 1 7 ﬁﬁ@\zwya-L
L A O I T P e Q/’ A 1222 (c70)
55 515 (ol |

(¢) The Mach number &5 the inlet to tac unit (or the flight
fach number) is
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Flight Mach number

[

Vq/x/ya Ry T

37

.
L (v, 5*9) (c72)

= /\/(7& 1) T opa 519

or, whken equation (C6) is used in equation (C71),

' ﬁ C T Y 2 - .
Flight Mach rumber = '\/ pa 9 . C____.> Y
78. + ,

A7a Ba T'.wy
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Pigure 2.~ Chart for determining Y, flight Mach number, and compressor inlet
total pressure for various airplane velocities and atmospheric temperatures,
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